• Background and Aims Increasing energy demands and the necessity to reduce greenhouse gas emissions are key motivating factors driving the development of lignocellulosic crops as an alternative to non-renewable energy sources. The effects of global climate change will require a better understanding of the genetic basis of complex adaptive traits to breed more resilient bioenergy feedstocks, like willow (Salix spp.). Shrub willow is a sustainable and dedicated bioenergy crop, bred to be fast-growing and high-yielding on marginal land without competing with food crops. In a rapidly changing climate, genomic advances will be vital for the sustained improvement of willow and other non-model bioenergy crops. Here, joint genetic mapping was used to exploit genetic variation garnered from both recent and historical recombination events in S. purpurea.
INTRODUCTION
Long-lived woody perennials such as trees and shrubs have proven to be reliable lignocellulosic feedstocks for secondgeneration biofuel production (Cameron et al., 2008; Sannigrahi et al., 2010; Hanley and Karp, 2013) . The use of biomass crops, such as Salix, under short rotation coppicing or short rotation forestry systems provides fast growth and high yields with relatively low agricultural inputs, which are characteristics that will help mitigate problems with increasing demand for food and energy, with decreasing availability of land and resources (Valentine et al., 2012) . Significant effort is needed to develop accelerated crop breeding strategies and, with the advent of high-throughput, next-generation sequencing technologies (Goodwin et al., 2016) , accurate and high-throughput phenotyping techniques (Shakoor et al., 2017) and low-cost genotyping protocols, the ability to accelerate breeding and selection, especially with non-model crops, will continue to improve (Kim et al., 2016) .
Future breeding efforts will most probably follow statistically robust and computationally demanding methods for dissecting complex traits, such as genome-wide association studies (GWAS) (Soto-Cerda et al., 2014) , linkage analyses (Grattapaglia and Sederoff, 1994) and genomic prediction methods (Meuwissen et al., 2001) . Molecular breeding has already revolutionized genetic improvement programmes by narrowing the gap between true biological regulation and model-based prediction of phenotypes. Marker-assisted selection (MAS) (Collard et al., 2008) at the seeding stage would be
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Downloaded from https://academic.oup.com/aob/article-abstract/124/4/701/5474945 by guest on 12 December 2019 beneficial for perennial crops, especially for those with particularly long breeding cycles, e.g. Salix, Populus, Eucalyptus and Pinus (Crossa and Federer, 2012) . Implementation of MAS in perennial systems can be as effective as phenotypic selection (Allen et al., 2015; Rincent et al., 2018) .
Current woody bioenergy crop improvement programmes follow breeding and selection methodologies comparable with that of shrub willow (Karp et al., 2011) . Traditionally, in shrub willow, this involves: (1) initial field-based selection of parent genotypes to generate full-or half-sib F 1 families; (2) growing F 1 progeny individuals in the greenhouse and transplanting to nursery beds or to pots in a pot yard; (3) selection of highyielding and disease-resistant individuals from family-based field trial measurements; (4) upscaling selected individuals via clonal propagation for multi-environment and multi-year yield trials; and then (5) final selection of superior clones based on stability of yield. By selecting genotypes at the seedling stage, MAS can dramatically reduce the time and expense required for field selection trials (Allwright and Taylor, 2016) . In order to develop markers for MAS, quantitative trait locus (QTL) mapping projects must identify loci linked to the trait of interest. In Salix, there are several publications on QTL mapping populations for key traits such as wood composition (Brereton et al., 2010; Pawar et al., 2018) , phenology (Tsarouhas et al., 2003) , drought tolerance (Rönnberg-Wästljung, et al., 2004; Berlin et al. 2014) , phenotypic plasticity (Berlin et al., 2017) and leaf rust Samils et al., 2011) . As genomic resources increase, it is expected that bi-parental QTL mapping populations will become even more valuable for identifying genetic markers for traits of interest.
Linkage disequilibrium (LD)-based association mapping exploits the natural genetic variation for a trait of interest by capturing historic recombination events among unrelated individuals, thereby offering a theoretically higher resolution to detect causal variants, compared with classic linkage analysis (LA), which relies on recent recombination events of related individuals (Pritchard et al., 2000; Mackay et al., 2009 ). Wholegenome association studies have the advantage of assaying the entire genome for trait-associated variants, so the number and specific choice of candidate genes are not restricted (Gaut and Long, 2003) . In plant populations of unrelated individuals, and especially for highly heterozygous obligate outcrossers, LD is expected to be low as a result of numerous historical recombination events (Khan and Korban, 2012 ). Relying heavily on the level of LD between a DNA marker and the causal variant, the success of LD mapping is directly related to genome-wide marker saturation. Yet, the increasing affordability of genome sequencing and ease of generating thousands of single nucleotide polymorphism (SNP)-based markers in non-model crops provide a great opportunity for discovery.
One benefit of LA is that it does not require a large number of markers, as does GWAS, yet mapping resolution can be low, because LA is limited by population size and the number of recombination events. With LD mapping, high-resolution maps can be obtained, particularly for long-living, perennial outcrossers, in which physical LD decays within 1 kb (Olson et al., 2010; Myles et al., 2011) . Genome-wide association studies based on LD mapping therefore require a high marker density for detection of the causal variants, as realized by whole-genome resequencing in poplar (Evans et al., 2014) .
Studies combining LD and LA analyses have recently been carried out on several forest tree species, yielding promising results for growth traits in Populus hybrids (Du et al., 2016) and adaptive traits in Picea mariana (Prunier et al., 2013) .
Association studies examining various growth, physiological, phenological and wood composition traits have been conducted in a number of woody perennial species, such as Eucalyptus urophylla (Denis et al., 2013) , Populus balsamifera L. (Olson et al., 2013) , P. tremula (Ingvarsson, 2008) , P. trichocarpa (Torr. & Gray) (Evans et al., 2014; McKown et al., 2014) and P. deltoides (Fahrenkrog et al., 2017) , but so far only one association study has been conducted on willow, which examined S. viminalis (Hallingback et al., 2016) . Residing in Salix sect. Vimen, S. viminalis is bred primarily for bioenergy and serves as the reference species for several European breeding programmes (Karp et al., 2011) . Trait-marker associations found in S. viminalis were related to various phenology and growth phenotypes, but the study only included 1536 SNPs and used Populus as a reference for candidate gene selection, since a reference genome for S. viminalis was not then publicly available. There have been no reports on large-scale, dense GWAS for biomassrelated growth traits in outbred collections of the species. This study used a map-guided pseudomolecule assembly of the female S. purpurea genotype 94006 (Carlson et al., 2017; Zhou et al., 2018) for read mapping, variant detection and candidate gene selection.
The objective of this study was to (1) identify QTLs for a suite of morphological, phenological, physiologic, and wood composition traits across different environments in S. purpurea using a full-sib F 2 bi-parental mapping population and a naturalized association panel; (2) discover significant SNPs and their associated gene candidates; and (3) compare and contrast the results from both mapping approaches for consistency and complementarity.
MATERIALS AND METHODS

Plant material and growing conditions
Association panel. The field trials for the association panel were established using 20 cm cuttings of 112 accessions of S. purpurea that were hand planted at three experimental sites (Supplementary Data Table S1 ): Cornell AgriTech in Geneva, NY, USA, Cornell University's Lake Erie Research and Extension Lab (CLEREL) in Portland, NY, USA and the West Virginia University Agronomy Farm in Morgantown, WV, USA. Trials were planted in a randomized complete block design with six replicates of four-plant plots at each location in single-row spacing with 1.82 m between rows and 0.4 m between plants within rows. At the end of the establishment year, all plants were coppiced and trials were measured for a suite of biomass, architecture, phenology, physiology, composition and pathology traits (Table 1) using the inner two plants of each four-plant plot across all sites in 2013 and 2014, and then mechanically harvested and weighed in 2015. Prior to re-growth of the second rotation in 2015, 112 kg ha −1 N-P-K fertilizer was applied to half of the replicates at each location to test for nitrogen utilization.
F 2 family. A full-sib F 1 family (family 82) was generated from a cross between female S. purpurea 94006 and male S. purpurea 94001, both collected from naturalized S. purpurea in upstate New York. Two F 1 offspring from this cross, female S. purpurea 'Wolcott' (clone 9882-41) and male S. purpurea , were crossed to generate a fullsib, intraspecific F 2 S. purpurea family (Family 317). All progeny individuals and their parents were planted in nursery beds at Cornell AgriTech. In 2014, dormant whips from 497 F 2 S. purpurea progeny individuals and the parents and grandparents of the F 2 pedigree were collected from their nursery beds, and stored at -4 °C prior to spring field planting. A field trial with the F 2 progeny, parents and grandparents was established at Cornell AgriTech in a randomized complete block design with four replicate blocks of three-plant plots. To avoid edge effects, S. purpurea genotypes 'Fish Creek' and 94006 were planted as border rows along the east and west sides of the trial, respectively, and the north and south ends were buffered by a single row of genotype 94006. Within-row spacing was 0.4 m and spacing between rows was 1.82 m. The soil at the field site is Odessa silt loam with a depth to water table of 25-45 cm. For additional site characteristics, see Serapiglia et al. (2014) .
DNA isolation and sequencing
Briefly, tissue for DNA extraction was collected from young leaves and shoot tips, flash-frozen in liquid nitrogen, then ground to a fine powder with a Geno/Grinder ® (SPEX SamplePrep, Metuchen, NJ, USA), and genomic DNA extracted using the DNeasy ® Plant Mini Kit (QIAGEN Inc., Valencia, CA, USA). The quality of DNA was checked by agarose gel electrophoresis and quantity was estimated using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Library and sequencing preparation was based on a 48-plex (association panel) or 96-plex (F 2 family 317) genotyping-by-sequencing (GBS) protocol according to Elshire et al. (2011) . ApeKI served as the restriction enzyme for the association panel, whereas both ApeKI and EcoT22I restriction enzymes were used for the F 2 family. Resulting libraries were sequenced on the Illumina HiSeq 2000 (Illumina, Inc., San Diego, CA, USA) platform at the Cornell University Biotechnology Resource Center (Ithaca, NY, USA).
Read mapping and variant discovery
Variant discovery and filtering was performed with the TASSEL v3 GBS Discovery Pipeline (Bradbury et al., 2007) , along with custom Perl and R scripts (available online at: https://github.com/Willowpedia). Raw reads from FASTQ files were trimmed to 64 bp and were processed to create a set of unique sequence tags (min.cov = 5, n = 4 550 690). A female diploid genotype of S. purpurea (clone 94006) collected from the banks of the Fish Creek River in Upstate New York in 1994 York in (43.2168 .6333 W) was used as the reference genome for read alignment and variant discovery (Salix purpurea v1.0, DOE-JGI, http://phytozome.jgi.doe.gov/pz/ portal.html#!info?alias=Org_Spurpurea). Genotypes were called via physical alignment to the reference genome assembly with BWA mem (Li and Durbin, 2009 ), using default parameters. The physical positions of UNEAK tags were produced by a local BLASTN query of ApeKI and EcoT22I tags to the genome reference. For the association panel, SNPs were retained in individuals with a call rate of <90 %, minor allele frequency (MAF) <0.05 and maximum proportion of 50 % missing data, which provided a set of 103 180 high-quality SNPs. Marker imputation was conducted using an LD-kNNi approach (kNN = 5, LD sites = 20, LD window = 10 Mb), outlined in Money et al. (2015) . Imputation accuracy was assessed by masking high-confidence variants (mapq >30, cov >10) on the original data set in TASSEL v5 to obtain accuracy metrics. For the F 2 family, reference and non-reference (UNEAK) mapping approaches produced approx. 300 000 and approx. 12 000 SNPs, respectively. Overall, the enzyme EcoT22I gave a better mean depth of coverage (approx. 11×) but fewer SNPs, whereas ApeKI gave nearly five times as many SNPs as EcoT22I, and had fewer missing data overall.
Linkage disequilibrium
To evaluate the marker resolution expected during GWAS, LD (r 2 ) was calculated for all pairs of SNPs after imputation within 5 kb using PopLDdecay v3.3 (https://github.com/ BGI-shenzhen/PopLDdecay). Only markers with MAF values >0.05 and having <25 % missing data among the sample set were included for LD analyses. The maximum value of r 2 was calculated based on SNP pairs within 1 kb, and an LD decay curve was plotted based on r 2 and the distance between pairs of SNPs, and a non-linear regression curve was fitted.
Linkage map construction
Marker coding was based on multiple GBS runs of the reference grandparents and parents of the F 2 family. Only bi-allelic and unambiguous sites in both grandparents were considered. Any markers deviating from Hardy-Weinberg equilibrium (P <1 × 10 -3 ) and individuals with excessive missing data or skewed genotype proportions were removed prior to map construction in R/qtl (Broman et al., 2003) . Because GBS has a general tendency to under-call heterozygous sites in outcrossing species, such as willow, GBS markers were minimally imputed one chromosome at a time with imputeByFlanks and error-corrected with 'correctUnderCalledHets' and 'correctStretches'0 (maxHapLength = 3) functions in the ABHgenotypeR, as described in Furuta et al. (2017) . Markers were partitioned and ordered in linkage groups using a minimum spanning tree approach with MSTmap (Y. in ASMap (Taylor and Butler, 2017) Table S2 ). A number of GBS markers incorporated into the master linkage map mapped to a total of 155 unplaced physical scaffolds in the S. purpurea v1.0 reference genome assembly.
Phenotyping
Biomass. During the dormant period after each growing season, diameters (DIA, cm) of stems ≥5 mm were measured at 30 cm from the base of the plant using Masser Racal 500 digital calipers, and stem number was counted for each plant (Masser, Rovaniemi, Finland) . Total stem area (SA, cm 2 ) per plant was also calculated using the stem diameter values. Maximum stem height (HT, m) of every plot was recorded using a measuring rod (Crain Enterprises, Inc., Mound City, IL, USA). In July of each year, internode length (INLEN, cm) was measured within the middle third of the tallest stem of each plot and the lengths of five internodes were recorded. Accounting for different phyllotactic patterns, alternate leaves were counted using five alternate buds or leaves from the first designated bud/leaf, whereas opposite leaves or buds were counted as one node.
Yield of each plot in the three trials containing the diverse S. purpurea collection was measured after the second year of post-coppice by harvesting and weighing all four plants in each plot using the Ny Vraa JF192 harvester (Ny Vraa Bioenergy, Tylstrup, Denmark). Chips were collected in a plastic bin mounted on Avery Weigh-Tronix weigh cells (Fairmont, MN, USA), and the total wet weight of the chip biomass of each plot was recorded. A sub-sample of fresh chip biomass (approx. 1 kg) was collected for each plot, weighed after harvest, ovendried at 65 °C to a constant weight, and dry weight recorded to determine moisture content at harvest. The moisture content was then used to estimate plot dry weights from the measured fresh weights. For all plots, dry biomass yield was calculated and expressed in dry Mg ha −1 based on plot area.
Architecture. At the end of the second growing season, crown diameter (CDIA, cm) was measured using modified Haglöf Mantax forestry calipers (Haglöf Sweden AB, Långsele, Sweden). Stool diameters were measured at 15.24 cm (6 in) above the soil, which is the average height of a shrub willow harvester. Crown form (FORM, degrees °) was calculated by multiplying the arctangent2 of one-half CDIA and the fixed distance at which CDIA was measured (15.24 cm) by 180/π, to obtain the angle of the stem branching relative to the soil.
Foliar. Leaf area (LFA, cm
2 ), length (LFL, cm), width (LFW, cm) and perimeter (LFP, cm) were measured on mature leaves at mid-canopy level on the tallest stem of each plant per plot using a CID CI-203 laser leaf area meter (CID Bio-Science, Inc., Camas, WA, USA). The same measurement leaves were collected, dried at 65 °C and weighed. Leaf area and dry weight (LFDW, g) were used to calculate specific leaf area (SLA) (cm 2 g −1 d. wt). Leaf aspect ratio (LFR) is the ratio of LFL to LFW, and leaf shape factor (LFF) is the ratio of LFA to LFP, but corrected, so that the LFF of a circle is equal to one: 4π × LFA/LFP 2 .
Wood chemical composition.
Physical and chemical wood properties were measured for four replicates in each of the three trials with the diverse S. purpurea collection. Stem segment samples were collected in the dormant period after each growing season using sampling methods previously described (Liu et al., 2015) and were stored frozen at −4 °C until they were processed. The specific gravity of each sample was measured by volumetric displacement (TST om-06, 2006) . In 2014, a modified method of measuring specific gravity was used where the volume of water displaced was weighed for added precision. Following specific gravity determination, stem segments were oven-dried at 65 °C to a constant weight and then rough milled to a 5 mm particle size with a Retch SM300 cutting mill (Retch, Haa, Germany) and were further comminuted to <0.5 mm particle size by fine milling with the IKA MF 10.1 knife mill (IKA, Wilmington, NC, USA) for compositional analysis. Approximately 20 mg of each milled stem sample was analysed with a Thermogravimetric Analyzer (TGA) Q500 instrument and Universal Analysis 2000 version 4.5A software (TA Instruments, New Castle, DE, USA), as previously described (Serapiglia et al., 2009) . Hemicellulose, cellulose, lignin and ash content were determined as a percentage of total dry biomass for each sample, as previously described in Serapiglia et al. (2014) . ) was measured on the abaxial side of the leaf with a leaf porometer (SC-1 Leaf Porometer, Decagon, Pullman, WA, USA) on the uppermost fully expanded leaf of the tallest stem of the plant. A non-destructive proxy for leaf nitrogen status was measured with a portable chlorophyll meter (SPAD-502, Minolta Osaka Co., Ltd, Japan) where readings were collected from three leaves along the length of the tallest stem from the upper, middle and lower canopy levels and averaged for each plot. Stem colour (STC-0) was scored on establishment-year growth using a qualitative scale (0 = entirely green, 1 = intermediate, 2 = entirely red).
Phenology. Floral (FPHE) and vegetative (VPHE) bud break were observed and scored using a 0-5 scale only in the second year of growth due to the sparsity of floral buds in the first year. The established scale used for phenology ratings was modified from Saska and Kuzovkina (2010) . Both FPHE and VPHE were surveyed once a week for 5 weeks and were recorded as the day of the year for a given rating that was observed. All observations continued until all stage 5 scores were recorded for every genotype. For all trials, the sex of each genotype was recorded. While the floral phenology and morphology of S. purpurea catkins are reliably sexually dimorphic, it was discovered that three accessions in the association panel (94003, 00-22-002 and 06-01-003) routinely displayed mixed proportions of female and male flowers along identical catkin inflorescences. Perfect flowers were not observed; rather, male and female flowers were mixed within catkins. The proportions often varied among catkins, which were primarily female at the proximal base and male at the distal tip. Herein, the aforementioned accessions are deemed hermaphrodites.
Pathology. In September 2015, willow leaf rust (Melampsora spp.) was visually scored in two (Geneva and WVU) of the three association trials, whereas all three trials were scored in September 2017. Willow leaf rust was scored for both 2015 and 2017 for the F 2 trial. Percentage rust severity (RUST, %) was visually scored for each plot based on total leaf area infected. In 2017, maximum RUST scores in the association population were capped at 50 % due to disease-related defoliation of heavily infected shrubs. Disease ratings were completed within a biologically relevant time period within and among field trials.
Statistical models and analysis
All statistical analyses were conducted within the opensource statistical computing environment, R version 3.4.2 (R Core Team, 2017). Variance components were estimated using REML with 'lmer' in the R package, lme4 (Bates et al., 2015) , using the linear mixed model:
where μ is the population mean, g i is the effect of genotype, ρ j is the effect of block, ρ(γ) jk is the effect of block within environment, and ε ijk is the random residual.
Following the approach outlined in Velazco et al. (2017) , spatial trends (row and column) in the F 2 field trial were modelled as two-dimensional Penalized (P)-splines, using SpATS and SAP functions [n.seg = (16, 64), tolerance = 1 × 10
] in the SpATS package (Rodríguez-Álvarez et al., 2015 (Rodríguez-Álvarez et al., , 2018 .
Prior to genetic mapping, a Shapiro-Wilks (Shapiro and Wilk, 1965) test for normality was performed on each quantitative trait (genotype predictions from the above model) with 'shapiro.test' in R. Trait distributions showing a significant departure from normality (P <0.05) were Box-Cox transformed (Box and Cox, 1964) with appropriate transformation parameters, lambda (λ) and gamma (γ), estimated with the 'powerTransform' function in the car package (Fox and Weisberg, 2011) . For positive responses, the bcPower method was used, and for those including negative responses, the twoparameter bcnPower method was used.
Clonality in the association panel was assessed by calculating identity by state (IBS) between each pair of individuals. No efforts were made to merge markers for clonal entries into a consensus; rather, for those exceeding a threshold of 0.95, the individual with the least missing marker data was retained.
Association mapping. Subsequent genotype best linear unbiased predictors (BLUPs), from the above model, were used in GWAS and calculated in lme4 using 'lmer' (Bates et al., 2015) . In order to control confounding effects and improve statistical power while reducing the incidence of inflated P-values, GWAS was conducted using the model selection algorithm, the Fixed and random model Circulating Probability Unification (FarmCPU) , which takes into account the confounding problem between covariates and test marker by using both a Fixed Effect Model (FEM) and a Random Effect Model (REM). Additionally, the first three principal components calculated using GAPIT (Lipka et al., 2012) were used as covariates to control for population structure. Three models were tested concurrently in the FarmCPU package, GLM, MLM and FarmCPU. The default P-value threshold set in FarmCPU uses a Bonferroni-corrected threshold (α = 0.01). However, the Bonferroni-corrected multiple testing threshold is overly strict when the LD among genotypic markers is large, so the threshold was calculated using 1000 permutations (p.threshold = 0.05/ number of markers). The threshold calculated by FarmCPU for the given traits, -log 10 (P-value) = 6.31, was used as a cut-off to determine multiple trait associations. To determine which models and corrected parameters best fit the data, observed and expected -log 10 (P-value) distributions for each SNP association were plotted as quantile-quantile (QQ) plots. In order to account for sex-specific associations, individual sex was used as a covariate in all traits assayed.
Linkage analysis. Linkage analysis in the F 2 family was performed entirely in R/qtl (Broman et al., 2003; Broman, 2018) . Genotype probabilities were calculated using 'calcgenoprob' (step = 1.5, off.end = 0, stepwidth = fixed, map.function = kosambi). Single QTL models were run using the 'scanone' (method = EM, n.perm = 1000, max.it = 10000, tol = 1 × 10 −6 ) function, then refined using 'makeqtl' and 'refineqtl'. In addition, the leave-one-chomosome-out (LOCO) method was compared with single scan results, which utilizes marker-based kinship in the model and excludes the chromosome in which the top LOD (logarithm of odds) marker was located, reusing variance parameters fitted once per left-out chromosome. Multiple interactive QTL models were fit using 'makeqtl' and 'fitqtlW'. Percentage phenotypic variance (% Vp) ) within each class, and are coloured according to the corresponding trait class in the key (top left). from individual and full QTL models are reported from 'fitqtlW results. Both 'bayesint' (prob = 0.95) and 'lodint' (drop = 1.5) functions were used to calculate LOD support intervals from the output of 'refineqtl' for each chromosome exceeding permutation thresholds (α = 0.05), and ranged from 4.1 to 4.4. If a trait significantly differed by sex (Wilcoxon P < 0.05), individual sex was added to each model as a covariate to avoid the confounding effect of sex linkage. Traits identified as sexually dimorphic were: FPHE-2, HCL-2, LIG-2, CDIA-1, FORM-1, LFDW-1, LFF-2, SLA-1 and SLA-2, as well as the weakly associated (Wilcoxon P < 0.1) traits: CLS-2, CDIA-2, HT-0 and HT-1.1.
RESULTS
GWAS results
Of the 112 accessions planted in the association trial, an analysis of IBS revealed eight instances of clonality with a threshold of ≥0.96, resulting in the removal of 33 accessions from the analysis. One male clone was represented 16 times in the trial. Clonality can be explained by vegetative propagation across the landscape, since multiple accessions were collected from natural sites at great distances from each other. For others that were obtained from collaborators or nurseries, clonality was probably due to renaming of other accessions in the collection. This resulted in a final tally of 79 unique genotypes that were subjected to GWAS.
The data set obtained using the reference-based GBS filtering pipeline yielded 103 180 SNP markers with an average nucleotide diversity π = 0.32. Filtering criteria were selected to remove markers with MAF <0.05, and the MAF distribution of the remaining marker at MAF <0.10 was 18.4 % and the MAF >0.25 was 37.4 %, with the average MAF of 0.22. The heterozygosity rates for each genotype ranged from 0.17 to 0.49 with an average heterozygosity of 0.27. The average density of SNPs corresponded to one marker every 3.8 kb. Linkage disequilibrium analysis showed that 19.2 % of the marker pairs were in LD, with a majority of markers exhibiting average r 2 values of 0.24.
Genome-wide association studies had limited power to detect significant associations of small or moderate effect for a suite of traits ( Fig. 1; Supplementary Data Table S3 ), due to the small sample size of this population (n = 79). In order to avoid detection of false positives, a series of GLMs and MLMs were used to increase statistical power and correct for kinship and population structure. All models for each trait were evaluated based on the fit of the model to the data and resulted in the FarmCPU method performing well overall with an average genomic inflation factor (λ gc ) of 1.11.
Most of the marker associations that reached genome-wide significance were located within genic regions [5'-untranslated region (UTR), coding sequence (CDS), intron or 3'-UTR) and candidate genes were inferred based on functional annotation of the S. purpurea genome. Overall, 99 significant associations (P < 5 × 10 -7 ) were detected on 15 of the 19 Salix chromosomes, with no associations mapping to chromosomes 9, 14 and 18. Of all significant markers associated with 19 of the measured traits, only six of the significant SNP associations did not intersect or were not nearby gene models from the reference annotation. There were 82 SNPs that were within genic regions and the remaining SNPs were positioned between genes. For SNPs within genes, there were 60 unique genes associated with >50 % of the traits assayed.
A majority of these SNPs were associated with biomass morphology traits, but also significant trait associations were found with SPAD, ASH, LIG, FPHE and VPHE. In the association panel, sex dimorphism for phenological traits, FPHE-2 and VPHE-2, were more pronounced in the WVU trial, compared with the Geneva trial, with differences in means (female -male, P < 0.01) ranging from 5.1 to 11.7 and from 1.4 to 1.8, respectively (Supplementary Data Table S4 ). In addition, the difference in the number of days of FPHE-2 and VPHE-2 ranged from −10 to −3.7, respectively. All significant associations with crown diameter occurred on chr04 as well as SNPs associated with SLA and INLEN. Other growth traits including SA, SDIA, STNo and VOL had significant associations across ten chromosomes, but with overlapping genomic regions for these traits, with several of the SNPs falling within similar candidate genes such as DNA-binding domains and raffinose synthase genes. Significant SNPs were found with associations for yield across two of the experimental sites on chromosomes 2, 11 and 15 which were associated with candidate genes related to protein kinases and protein-binding domains.
Linkage mapping results
For all analysed traits in the F 2 population, the total variance explained (Vp) by QTLs ranged from 4 to 51.7 %, with broad-sense heritability (h 2 ) estimates ranging from 0.23 to 0.69. Biomass QTLs were well represented on linkage groups representing Salix physical chromosomes 4, 5, 6 and 10 (Supplementary Data Table S5 ). LOD support intervals for nearly all biomass-related trait QTLs overlapped considerably on chr05 (Fig. 2) , where the cumulative physical support interval spanned approx. 2 Mb and contains a mere 30-40 gene models. Individually contributing 15-25 % Vp, three adjacent markers on chr05 (approx. 0.5 cM genetic, 1 Mb physical) alternate peak LOD for DIA, SA, VOL, and STNo. Biomass trait averages (as opposed to total), MDIA-1, MSA-1 and MVOL-1, as well as HT-1.1 and HT-1.2, all had overlapping QTL LOD support on chr06. In addition, QTLs for measurements made on single representative stem segments for composition analysis, SiDIA and SiSSA, co-located with biomass averages for both years on chr06.
On average, foliar traits had relatively high heritability in the F 2 family, which ranged from 0.45 to 0.64. However, in 2016, a severe drought considerably impacted foliar traits, shrinking average LFA by 10 %. Seasonal differences of F 2 foliar traits were further pronounced by the relative lack of reproducible, overlapping LOD intervals for the same trait between years. However, QTLs clustered to linkage groups quite well within year, especially for LFDW, LFA, LFL and LFP. In addition, QTLs for foliar traits were more dispersed throughout the genome than other trait classes, with LOD support on a total of nine chromosomes.
For wood composition QTLs, overlapping LOD intervals were identified on chr01 for CLS-2, LIG-2, DEN-1 and DEN-2, chr02 for DEN-1 and DEN-2, chr03 for HCL-2 and DEN-2, and chr08 and chr10 for CLS-2 and LIG-2. Unique QTLs for HCL-2 were identified on chr15, as well as chr18, which was the only trait that had LOD support on the chromosome in the F 2 population.
On average, establishment-year FORM was greater (50° ± 0.4°) than both first (45° ± 0.2°) and second (46° ± 0.2°) year post-coppice measurements. Pearson correlations (r) for CDIA-0 and CDIA-1 (r = 0.49) and CDIA-2 (r = 0.48) were improved using the arctan2 transformation, i.e. FORM, with correlations of 0.60 and 0.59, respectively. High first and second year post-coppice correlations of CDIA (r = 0.84) and FORM (r = 0.87) reflect the repeatability of QTLs for these traits on Carlson, unpubl. data) . Conversely, the F 2 family ratio was 9:6:1 (262 red:177 intermediate:43 green).
Accounting for a total of 22 % Vp, two minor QTLs and one major QTL for SPAD-2 were identified on chromosomes 2, 4 and 10, respectively.
Willow leaf rust severity (%) was scored in late-season 2015 (RUST-1) and 2017 (RUST-2), with the former exhibiting greater genetic variance, which provided more power to detect QTLs, compared with the latter. For RUST-1, associated QTL support intervals were identified on chromosomes 1, 5 and 10. While RUST-2 was underpowered, the support interval for a QTL on chr01 co-located with that of RUST-1, albeit being comparatively wider.
Concordance between GWAS and linkage mapping
Overall, there were only a handful of significant associations (P < 1 × 10 -6 ) from GWAS identified within LOD support intervals of QTLs corresponding to the same traits in the F 2 family (Table 2 ). Markers associated with VOL for the PTL trial were within the LOD support interval for HT-1 on chr17 in the F 2 , whereas associations with VOL in the Geneva and WVU trials were located within the chr05 interval for HT-1 in the F 2 . Internode length (INLEN) and VPHE were also within a support interval for HT-1, but for a QTL located on chr04. Associations for LFW in the Portland trial were within chr02 support intervals of QTLs for the F 2 foliar traits LFR, LFF and SLA. Specific leaf area (SLA) and SPAD measured in the Portland association trial overlapped with chr10 support intervals of QTLs for LFR and LFF in the F 2 . In addition, GWAS hits for SPAD2 were found within intervals for LFF on chr02 and STC on chr17. Significant GWAS hits for the composition traits, CLS and LIG, at the WVU location were positioned within the chr10 support intervals of QTLs for VOL and DVOL (wood density × stem volume) in the F 2 , whereas those for ASH at the Geneva location were within the chr08 support intervals of QTLs for LIG and CLS. Floral phenology (FPHE) scored at both Geneva and WVU locations and LFF in the Portland location each had significant hits within the chr15 support interval for SEX in the F 2 .
DISCUSSION
Linkage disequilibrium
For association mapping, a large number of GBS markers were generated using a single, methylation-sensitive restriction enzyme; however, the density of markers was relatively low given the size of the S. purpurea reference genome (approx. 350 Mb). Marker density may affect mapping resolution by limiting the power for complete dissection of complex trait architectures if small-effect polymorphisms are located far from regulatory gene space, but may be improved with the use of double digestion with two restriction enzymes. In addition, the sample size of the association panel was the most likely factor in limited associations identified. Nevertheless, a number of significant genome-wide SNPs were detected in GWAS, despite the small sample size and rather stringent Bonferroni threshold used.
To increase the power of finding causal SNPs, this study utilized different planting sites. The Geneva, NY site was an ideal location on historically agronomic land with adequate nitrogen and nutrients, and reflected ideal growing conditions for shrub willow production. The Portland, NY site also represented ideal growing conditions, situated in a buffered microclimate off the shores of Lake Erie. The Morgantown, WV experimental site was on predominantly arable agricultural soil but was a site with poorly drained soil. The environmental conditions between these three trial sites also differed in the number of growing degree days (GDDs), temperature and annual rainfall, adding to the overall better growth seen at the Geneva, NY site over the 3 years of measurements (Supplementary Data Table S1 ). Each of the marker trait associations detected in this study only explained a limited proportion of the variation seen, not unlike other association mapping studies (McKown et al., 2014) . Some of the associations detected in one location were only repeatedly found in another location in a few instances, but the strongest and most consistent SNP associations were for floral phenology (Supplementary Data Fig. S1 ) which was observed to be significantly associated across sites and time points. For other traits that are more complex in nature such as plant height, there may be reasonable explanations for the weak consistency of associations between experimental sites (Supplementary Data Fig.  S2 ). It must be recognized that the significance threshold set in this study (p.threshold = 0.05/number of markers) was quite conservative, due to multiple testing correction, and may have resulted in fewer significantly associated SNPs. Additionally, due to contrasting site conditions, there is a probability of relatively low R 2 values of traits measured between sites and from year to year, which would result in fewer 'true' repeated measures and thus alter significant SNP associations. Also, it is possible that the genetic diversity of the accessions may show strong population differentiation for some traits that have evolved from local adaption which remains largely unresolved in natural populations (Anderson et al., 2013 ). An additional reason for differences in association consistencies across sites and years is the intrinsic G × E interaction of some traits. Some amount of variation of intraspecific diversity is associated with G × E interaction for local fitness and adaptation. In this study, it was observed that some traits such as SLA and stomatal conductance had significant SNPs for one location and not another, which further highlights the need to test associations in multiple and contrasting environmental conditions. Multiple significant associations were found that could be due to longer stretches of LD on chromosomes not previously detected, as LD between distant loci can inflate single locus test statistics (Thomas et al., 2011) . Many highly heterozygous, outcrossing plants, including some tree species, display rapid LD decay which was reported at around 2.6 kb for P. deltoides and >1 kb in P. trichocarpa (Slavov et al., 2012) , compared with self-pollinated species, such as rice (75-150 kb) (Huang et al., 2010) or Arabidopsis thaliana (250 kb) (Nordborg et al., 2002) . Despite this complexity, this suggests that alternative SNPs may be located in the proximity of a significantly associated SNP even though that marker itself might not be causative. It should be noted that some of the genetic architectures of the traits in this study are highly complex, where it is likely that thousands of causative polymorphisms with minor effects may exist genome-wide, as it has recently been discovered that the genetic architecture of complex traits is even more complex than previously thought (Goddard et al., 2016) .
QTL hotspots in the F 2 population
The majority of biomass-related QTLs identified on chromosomes 4, 5, 6 and 10 showed significant overlap of LOD support intervals, especially for those identified on chr05 and chr10. A number of genes within the chr05 QTL hotspot have functions related to vegetative phase change and meristem maintenance, such as a homeobox-leucine zipper protein (HB-16), squamosa promoter-binding-like transcription factor (SPL16), MADS box interactor-like protein (MIP1), helix-loop-helix DNAbinding transcription factor (bHLH74), GATA transcription factor (ZIM), GLABRA 2 expression modulator (GEM1) and two AP2/ERF transcription factors (AP2 and ANT). Mutants in these genes have led to altered flowering time response to photoperiod, cell expansion and elongation, as well as defects in apical dominance and branching architecture (Shikata et al., 2004; Preston and Hileman, 2013) . One of the primary candidates within the chr05 hotspot is a squalene monooxygenase/ epoxidase gene. Squalene epoxidase (SQE1) catalyses the first oxygenation step in sterol biosynthesis, which is a part of terpene metabolism. Triterpenoid biosynthetic mutants often display severe pleiotropic defects (Rasbery et al., 2007) . For instance, arabidopsis SQE1 mutants incited hypersensitivity to drought stress, altered stomatal response and defects in root architecture, due to mislocalization of a reactive oxygen species (ROS)-generating, respiratory burst oxidase homologue, leading to altered ROS production (Pose et al., 2009; Marino et al., 2012) . It is feasible that altered SQE1 activity may explain the pleiotropic nature of the chr05 QTL hotspot, and MAS at this locus could serve as an early biomass indicator. In poplar, five main biomass QTL hotspots were identified on linkage groups representing physical chromosomes 3, 4, 10, 14 and 19 (Rae et al., 2009) . Particularly interesting was the QTL hotspot on the end of Populus chr10 (PBL-3), which had LOD support for many biomass-related traits common to this study, in particular QTLs for HT, VOL and LFA, which also mapped to Salix chr10. Using an F 1 S. viminalis × S. schwerinii family, Ghelardini et al. (2014) identified QTLs for vegetative phenology traits on chr10, but had limited power to detect large-effect QTLs or make gene-level inferences, due to low marker coverage. In addition, biomass QTL clusters were identified in a hybrid S. viminalis × (S. viminalis × S. schwerinii) population (Berlin et al., 2017) on linkage groups representing Salix physical chr06 (mean stem diameter, stem area, stem number, bud break and biomass fresh weight) and chr10 (mean stem diameter and stem area). As many biomass-related traits in the F 2 were highly correlated or autocorrelated (e.g. HT, DIA, SA, VOL, STNo, etc.), it is expected that these traits share common genetic architectures. Yet, the chr05 hotspot contains QTLs for numerous allometric and non-allometric traits, so it is likely that these QTLs represent either high-effect cis-acting QTLs of a major regulator or tight linkage of many important genes. Both the former and latter seem plausible, because this region contains multiple genes known to be key players in developmental and metabolic pathways. Trans-effects (e.g. pleiotropy) are more likely to be subject to purifying selection, and may be the reason why these hotspots were not observed in GWAS. While selection for beneficial alleles at QTL hotspots will probably result in improved yield, realistically, the greatest gain from selection would be realized for related individuals.
Wood chemical composition
The peak LOD marker for CLS-2 on chr01 is within the coding sequence of a UDP-glucose 4-epimerase (UGE5), which functions as a catalyst for the interconversion between UDP-glucose and UDP-galactose in galactose metabolism (Rosti et al., 2007) . Neighbouring genes residing within LOD support intervals for CLS-2 on chr08 encode endo-1,4-β-glucanase and phosphoglucomutase, both of which are involved in carbohydrate biosynthesis. Likewise, the peak LOD marker for LIG-2 is located within the coding sequence of a chitinase-like class I glycoside hydrolase 19 family protein (CTL2). Expressed primarily in xylem and interfasicular fibres, CTL2 has been shown to be required for cell wall biosynthesis and lignin accumulation in arabidopsis mutants (Hossain et al., 2010) . Importantly, a laccase gene, similar to arabidopsis IRREGULAR XYLEM 12 (IRX12), functions in lignin degradation and secondary xylem cell wall lignification (Brown et al., 2005) . Using Fourier-transformed infrared spectrometry (FT-IR) in an S. viminalis × (S. viminalis × S. schwerinni) mapping population, Pawar et al. (2018) identified 27 QTLs for various wood chemical traits across ten linkage groups, explaining 4.2-6.9 % Vp, with a notable QTL cluster for cellulose, hemicellulose and lignin on chr14 (male map), but did not overlap with those found in poplar (Muchero et al., 2007) . Likewise, this study did not find significant associations for wood chemical composition traits on chr14, besides a weak QTL for stem density (Vp = 4.1 %) in the F 2 .
Architecture
In the association panel, best hits for CDIA were located in the coding sequence for a glycoside hydrolase gene, GH9, which is the second largest cellulase gene family (Davies and Henrissat, 1995) . Functional work with this enzyme family indicates that they are involved in cell wall modification during fruit softening, abscission, growth and wood formation (Urbanowicz et al., 2007; Du et al., 2016) . Protein homologues for this gene matched other known GH9 proteins in Populus trichocarpa and Theobroma cacao. Based on sequence alignments and Pfam database searches, the candidate gene found in S. purpurea belongs to subclass B, which comprises secreted proteins with only one catalytic domain (Urbanowicz et al., 2007) . GH9B, synonymous with endo-1,4-β-glucanase 11, has been reported with activities for cello-oligosaccharide release and xyloglucan cleavage in plants, but the GH9 superfamily has yet to be characterized in Salix. One well-studied GH9 clade includes a membrane-associated endoglucanase (KORRIGAN) that is part of the cellulose synthesis complex and that influences the organization of cellulose in the wall (Bhandari et al., 2006) . Shrub willows are comprised of numerous woody stems that exhibit various sweeping branching angles from the base of the crown, which requires expanding cell walls to withstand high tensile forces generated by cell wall stress. This gene may have future implications on targeting mechanical properties of wood to influence biomechanical strength and therefore directly influencing plant architecture.
For all CDIA and FORM measurements, a common QTL on chr04 centres on a gene coding for a lateral organ boundaries (LOB) domain (LBD) protein (LBD40), synonymous with an ASYMMETRIC LEAVES 2 (AS2)-like protein. Expressed at the base of initiating lateral organs, LBD proteins have been implicated in the regulation of anthocyanin and nitrogen metabolism (Majer and Hochholdinger, 2011) , auxin signalling (Fan et al., 2012) and defence responses to pathogens (Thatcher et al., 2012) . What was unique to the F 2 , was that architectural traits were also measured on establishment-year growth. QTLs for CDIA-0 and FORM-0 had LOD support on chr17, which overlapped with the support interval for STC-0. A kanadi-like transcriptional repressor (KAN1) lies within the chr17 interval. KAN1 has been shown to regulate both lateral organ identity by repressing AS2 (G. , and axial cell elongation and xylem differentiation in the cambium by repressing the auxin efflux carrier, PIN-FORMED1 (PIN1) (Ilegems et al., 2010) . Bexcause QTLs for establishment-year stem architecture measurements co-localized with fewer QTLs for later years, it is likely that this phenotype is transcriptionally regulated.
Physiology
Candidate genes for stem colour (STC) positioned within the chr17 support interval are those coding for GDP-l-galactose phosphorylase (GGP), l-galactono-1,4-lactone dehydrogenase (GLDH) and glutathione S-transferase/dehydroascorbate reductase 3 (DHAR3), as well as six Myb transcription factors. Both GGP and GLDH are major players in the SmirnoffWheeler pathway (Smirnoff and Wheeler, 2000) , which is the primary route to l-ascorbate (vitamin C) biosynthesis in plants. GDP-l-galactose phosphorylase is an enzyme that catalyses the first committed step in l-ascorbate biosynthesis, whereas GLDH catalyses the terminal step (Linster and Clarke, 2008) . Dehydroascorbate reductase (DHAR) genes are key components in the ascorbate recycling system and are involved in scavenging of ROS under oxidative stress (redox homeostasis) (Dixon et al., 2002) , and also serve as a substrate for oxidized anthocyanins (Dixon et al., 2011) . Of the six Myb transcription factors within the LOD support interval for STC, four are paralogous to arabidopsis PRODUCTION OF ANTHOCYANIN PIGMENT 1 (PAP1) and two are paralogous to PRODUCTION OF ANTHOCYANIN PIGMENT 2 (PAP2). Transgenic P. trichocarpa plants overexpressing MYB119/PAP1 showed elevated accumulation of anthocyanins in leaf, stem and root tissues, without significantly affecting normal growth (Cho et al., 2016) . The sheer physical genomic proximity of GGP, GLDH and DHAR3 on Salix chr17 suggests that the expression of these genes may be regulated by a common trans-factor, and that cis differences among haplotypes could explain variation in l-ascorbate activity and subsequent effect on STC expression.
As STC was collected mid-summer, a meagre establishmentyear canopy (or lack thereof) probabely permitted high light or UV-B radiation greater access to developing stems. The accumulation of pigments was far more pronounced along south stem faces, compared with those masked by foliage, so anthocyanin accumulation may be limited by ascorbate deficiency. If the accumulation of anthocyanin is proportional to mRNA accumulation in response to oxidative stress, then the role of GGP and GLDH in l-ascorbate biosynthesis in S. purpurea may serve to regulate photoprotectant activity by quenching ROS under high-light conditions. Further, the segregation of STC in the F 2 suggests duplicate gene interaction (9 A-B-:6 A-bb or aaB-:1 aabb), such that red STC is controlled by two dominant genes (A and B), intermediate STC is produced by either dominant allele (A or B) and green STC develops from double recessive individuals (aabb). Reliable selection for STC could be easily accomplished via MAS.
Positioned within the chr02 LOD support interval in the F 2 , the best GWAS hit for SPAD-2 was nearest to a Myc-like anthocyanin regulatory protein, GLABRA 3 (GL3). Induced by nitrogen deficiency and UV light, GL3 has been implicated in epidermal cell fate specification (Payne et al., 2000) , and associating with PAP1 and PAP2 in anthocyanin biosynthesis (Zhang et al., 2003) . This locus may provide a link between oxidative stress and the regulation of STC and SPAD traits in S. purpurea. A QTL study on biomass and nitrogen economy traits in the S. viminalis (S. viminalis × S. schwerinii) mapping population identified QTLs for SPAD (measured in the middle and top of the crown) on chr02, as well as several co-locating QTLs for drought response and biomass traits on chr10. In a separate study using additional individuals of the same population, Berlin et al. (2017) also identified higheffect QTLs for leaf senescence and biomass traits on chr02 and chr10. One likely candidate for SPAD-2 within the chr10 QTL support interval in the F 2 is a cytoplasmic CTP synthase/UTPammonia ligase. Acting as a catalyst in the rate-limiting step of de novo CTP biosynthesis (pyrimidine metabolism), CTP synthase interconverts UTP to CTP using l-glutamine or ammonia as the source of nitrogen. Highly sensitive to the cellular metabolic state (Aughey and Liu, 2016) , the reduction of CTP synthase filament formation is thought to be induced by nutrient restriction. Another candidate for SPAD-2 is an isocitrate dehydrogenase (clCDH) gene located within the chr10 support interval. Thought to supply 2-oxoglutarate for amino acid biosynthesis and ammonia assimilation, clCDH produces NADPH to promote redox signalling in response to oxidative stress. Loss of clCDH function in arabidopsis promoted H 2 O 2 -induced lesions in leaves, probably due to a sub-optimal reductant supply of NADPH oxidases (Mhamdi et al., 2010) . Defects in clCDH could impair redox signalling in S. purpurea leaves, leading to early senescence, and lower SPAD values.
Phenology and sex
While it is common that male willows flower before females (Cronk et al., 2015) , this study provides evidence that after the onset of flowering, male S. purpurea transition to vegetative growth (precocity) at a faster rate than females. One explanation for the difference in the rate of precocity in S. purpurea is that developing seed in female catkins require more resources prior to seed maturation and dispersal, whereas males reallocate resources shortly after anther dehiscence and abscission. Nevertheless, it is unclear whether the rate of precocity or phenological sex dimorphism in S. purpurea significantly impacts the accumulation of biomass over time.
A strong association with FPHE was observed with a significant association peak on chr15 that fell within genes related to multiple protein-binding domains. Significant GWAS hits for FPHE were within coding regions of a serine/threonine protein kinase 3 (STK3) and an ATP-dependent ClpB heat shock protein (HSP101). Both genes are located within the non-recombining SDR on Salix chr15. While serine/threonine protein kinases fulfil diverse roles in signalling and response to biotic and abiotic stressors, heat shock proteins (HSPs) are essential proteins that function to maintain cellular proteostasis by limiting the accumulation of protein aggregates induced by heat shock and confer thermotolerance. For instance, transgenic tobacco and cotton lines overexpressing AtHSP101 exhibited higher germination rates and greater pollen tube elongation at elevated temperatures and after exposure to heat shock (Burke and Chen, 2015) . In AtHSP101 knockouts, mutant lines displayed defects in translational recovery and proper disassociation of protein aggregates after exposure to heat shock (Merret et al., 2017) . Importantly, the same Salix HSP101 (SapurV1A.1386s0030) was differentially expressed [−log 10 (P-value) = 10.3, log 2 (female/male) = 3.1] between the shoot-tip transcriptome of full-sib F 1 S. purpurea female and male individuals (Carlson et al., 2017) . In female S. purpurea, catkins are maintained until after seed ripening and dispersal, whereas male aments fall off soon after flowering, so early protection from heatinduced programmed cell death could be critical for female reproductive success. Dioecy could possibly have evolved to limit the accumulation of detrimental variation in regulators of floral phenology, which may have served as an early sexual antagonist in the evolution of dioecy in S. purpurea. However, throughout the evolution of dioecy in Salix, preferential selection for male precocity may simply have been a consequence of sexual dimorphism, since selection for early ovules is intense.
Previous publications have pointed to a large, nonrecombining region on chr15 as the SDR for Salix (Hou et al., 2015; Pucholt et al., 2015; Chen et al., 2016; Zhou et al., 2018) . While there were no specific genes that have known functions related to FPHE in Salix, the strong association for this locus also coincides with all previous reports of the SDR being located on chr15 across multiple Salix species.
Pathology
Previous work using S. viminalis × S. schwerinii mapping populations (Rönnberg-Wästljung et al., 2008; Hanley et al., 2011; Samils et al., 2011; Sulima et al., 2017) have identified many QTLs for leaf rust (Melampsora spp.) uredinia number and size, as well as leaf rust susceptibility on linkage groups representing chr01. Lacking a reference genome for S. viminalis, these reports were based on alignments to the P. trichocarpa reference genome. This study identified QTLs for both RUST-1 and RUST-2 in an F 2 S. purpurea mapping population with overlapping LOD support on S. purpurea chr01. Low power in the 2017 survey may be attributed to inconsistent natural inoculation of willows due to unfavourable environmental conditions or differing pathotype of rust populations between years, resulting in reduced virulence. If the latter is the case, it is possible the chr01 locus interacts with a broad range of rust pathotypes and may contain genes common to intervals reported for S. viminalis × (S. schwerinii × S. viminalis) hybrids, such as the Salix Rust Resistance 1 locus described in Hanley et al. (2011) .
While no specific candidate genes have been reported, all LOD support intervals for RUST in S. purpurea comprise numerous gene models annotated as containing a nucleotidebinding site-leucine-rich repeat (NBS-LRR) motif and known pathogenesis-related genes identified in related species. Approximately 450 gene models have been annotated as containing an NBS-LRR motif in the S. purpurea v1.0 assembly, which is very close to the number annotated in P. trichocarpa (Kohler et al., 2008) . Additional mapping for RUST in diverse Salix spp. crosses would improve our understanding of Melampsora pathotype diversity as well as species-specific R gene-mediated resistance mechanisms in willows.
Conclusion
The genetic dissection of complex traits in related and unrelated mapping populations can help moderate spurious associations, especially in non-model crops. This study compared association and linkage mapping methods to identify genomic regions associated with important biomass-related traits in S. purpurea using a naturalized association panel and full-sib F 2 family. While a number of significant marker-trait associations were identified in GWAS, only a handful of those loci were within corresponding LOD support intervals of QTLs for corresponding or correlated traits in the F 2 . Conversely, linkage mapping was largely successful in the F 2 family. There were many QTLs in the F 2 with consistent overlapping LOD support on linkage groups between measurement years, especially for traits within QTL hotspots on Salix chr05 and chr10. Genetic improvement requires there to be sufficient genotypic variance in a population, or progress becomes too difficult to attain. The lack of power to detect major-effect loci in the association panel was most probably a result of the small sample size, and is where progress could be made. If S. purpurea experienced a genetic bottleneck after naturalization, genetic improvement efforts may profit most by exploiting recent recombination events of diverse crosses, to which Salix is particularly amenable. While linkage mapping in the F 2 produced large-effect QTLs for many important biomass traits, additional replication across environments or including additional bi-parental crosses would help substantiate biomass QTLs for use in downstream markerassisted selection.
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